We describe a case study of requirements changes due to an evolving environment. The Congruence Evaluation System was a proof of concept (CES POC) 
Introduction
It is well known that a software system, once built, generally needs to be evolved for longevity. Lientz and Swanson [11] noted that during the early part of a system's life, requirements change continually, often in response to organizational change. Brooks [6] states that the first system is barely usable and that it may need to be re-designed altogether. Arthur [2] advocates rewriting the system from scratch when a system is expensive to run, is out-of-date technically, or is expensive to maintain. More recently, Lehman's eight 'Laws of software evolution' [19] , probe into different aspects of system change over a period of time.
A system may evolve due to new functional and nonfunctional requirements that, if not identified, pose threat to the survivability of the system. Such threat to system survivability can arise from internal or external sources. Internal sources include various quality criteria [4] and possible interactions among these. For example, poor understandability could lead to poor documentation quality and eventually to poor survivability. External sources of threat include changes in the environment 1 of the system. For example, the changed customer need for inter-operability and an integrated solution could lead to poor survivability of the system if the system does not meet these needs. Recognition of poor survivability could thus lead to requirements changes (and, consequently, system changes). In this paper, we focus on the external factors affecting system survivability. Specifically, we examine the impact of environmental changes on software "requirements". It is important to note that we deliberately do not address any other system artifacts such as design, code, documentation, etc. While these too may be worthwhile to explore, they are out of scope of this paper. Also, requirements are a very valid standpoint for examining a system and its evolution. In this paper, therefore, we have chosen to take this position.
Research Context and Key Events
1 Environment may be defined as the external (or surrounding)
conditions affecting the growth, development, and survivability of the entities within it. For a given software product (or system), its environment includes but is not limited to: the purpose of the product in the real-world, business processes in which the product is being (or to be) used, stability of theory and concepts, risks of external origin, interoperability considerations with other systems in the environment of the product, customer requirements, industry specifications and standards applicable to the product.
In our former research environment, at the Software Engineering Lab at McGill, we experienced the loss of a proof-of-concept (POC) system called the Congruence Evaluation System (CES) [14] . This system served excellently for the basic research goal of discovery and proof, but failed seriously in contributing to the long-term goal of evolvability of the collective suite of research tools being built concurrently by the entire research team. The reason for scrapping the CES POC system was that its environment -a suite of tools and the goal and rationale behind these tools -had evolved so much so that by the time the CES POC system was built, the system's requirements were hopelessly inadequate to withstand the long-term goal of evolvability of the whole environment. In other words, it was the external source of threat that killed the system.
The original CES POC system took two years to build (beginning in Sept. 1992), from concept understanding to system validation. A considerable amount of empirical research had been carried out [8] [9] which lead to the basic hypothesis and to the idea of building the CES POC system. From Sept. 1994 until Feb. 1995 we analysed the capabilities and limitations of the original CES POC system, along with the impact of environmental evolution on the system requirements (details appear in Sections 3 and 4). We realized that in order to effectively address the limitations of the current implementation, and to satisfy the newly identified requirements due to environmental evolution, the CES POC system would have to be re-implemented. Therefore, in Feb. 1995, we scrapped the CES POC system, and started re-implementation from scratch, reusing concepts and algorithms, as appropriate, from the original CES POC system. The new CES system took approximately one year with one person-year of effort to build. It provides all the services of the POC system, but is designed to be highly user-programmable, is userfriendly, and is fully compatible with the suite of other tools in the environment.
Research Question, Contributions and Applicability
From this experience, however, emerges the following key question which we explore in this paper:
☛ "How does environmental evolution drive requirements changes?"
This question is important because it deals with a difficult issue of requirements engineering in an evolving environment, which is often overlooked at the outset. Any contribution to the answer would increase our collective experience, currently thin on this particular question, and can perhaps be used to better plan and evolve software systems. The key contribution of this paper is thus a detailed insight into how environmental evolution affects the survivability of a software system in terms of requirements changes.
Take note, however, that our experience comes from a relatively modest development effort, as mentioned earlier, and with limited development budget. Thus, as-is comparisons with situations in large projects would probably be a mistake. That said, large projects are not monolithic and are indeed composed of smaller projects, sub-systems and components -many of which have comparable development efforts to our experience -and so the lessons we have learnt may possibly apply at these sub-levels in a fairly direct way and, with care, may be scaled up to larger projects.
Organization of the paper
The next section describes the background material on the environment and the CES POC system. Section 3 analyses the CES POC system and the problems that beset it. Section 4 describes the impact of environmental changes on the CES POC system requirements. Section 5 lists the lessons learnt and concludes the paper.
The CES Proof of Concept System
The system that suffered a fatal attack due to environmental changes is the CES POC 2 system. This system assists in the evaluation of process model congruence and process model customisation [14] . When the CES POC system was implemented, the prime focus of the design strategy was on demonstrating (within the shortest time possible 3 and within the limited budget) the concept of congruence and the validity of the congruence method. Therefore, the usual software development concerns for user 'customisability', 'userfriendliness', future 'evolvability', and 'integration' into existing (and evolving) suite of tools did not form part of the design strategy. While these are critical issues, they were all superseded by the prime focus of demonstrating the proof of concept as fast as possible and within the limited research budget. Also, the environmental requirements were implicit at that time and were not considered (not deliberately) in the design of the CES POC. This is in direct contrast to the approach in the reimplementation, where the prime concern was one of evolvability of the system in the environment while retaining its validity.
The design strategy for the CES POC system was thus to employ the programming language and the development platform most familiar to the developer. It was essentially a prototyping approach to empirically understand the underlying theory of congruence and process fitness. Because it was the first implementation of such a system, the requirements were not clearly specified, and thus the developer was expected to follow an exploratory approach. This implied that the development process followed was 'ad-hoc'.
Analysis of the CES POC system
In Sept. 1994, we began analysing the strengths and weaknesses of the original CES POC system. We identified the requirements satisfied by the system (old requirements) and formulated new requirements, a priori, based on observed limitations. It should be noted that the old requirements were not documented explicitly except in the form of project notes and a thesis [5] . Therefore, we assessed the system by using the quality criteria listed 3 A discussion on the reasons for the urgency in completion of the POC is not germane to the content of this paper.
by Boehm et al. [4] , which we further augmented as necessary.
Analysis Method
A 15-question Instrument to assess system deficiencies [21a] was used for conducting the survey.
The instrument used a semantic differential 7-point scale 4 [15] for each question and it was construct validated [20] . The construct here was system assessment. Based on the validated instrument, we conducted a survey amongst the relevant 5 research team members (number of respondents:
8; 100% response rate). The instrument required the respondent to include his or her 'confidence level' in giving the response and the rationale for the response 6 .
Subsequently, during the data analysis phase, responses with a confidence level of less than 6 ('Quite High' confidence) were eliminated 7 from data analysis, while the mean of all responses with a confidence level of 6 or higher was considered for system assessment purposes.
Analysis Results
The analysis results of the data gathered during this survey are shown in Figure 1 . Basically, there were two types of questions: a) Type 1: What were the purposes served by the CES POC system? This helped us to identify the system requirements (hereafter, the set: 'R1') satisfied by the system. The set R1 is listed in Table 1 . This set also includes functional and non-functional requirements (R1.1 to R1.6) that were derived from the system description in the thesis [5] .
(b) Type 2: What were the deficiencies of the CES POC system at the time of completion of the system (Sept.'94)? This enabled us to identify the system requirements that were not satisfied by the system, and which thus matured into new requirements for the reimplementation of the system (hereafter, the set: 'R2'). This set is listed in Table 1 as R2.1 to R2.9. The emergence of the requirement set R2 supports the applicability of Lehman's first law of software evolution: Continuing Change --"E-type systems must be continually adapted else they become progressively less satisfactory in use" [19] .
We now describe the findings of the survey in the following sub-sections. Figure 1 shows that the CES POC system was ranked 8 as 'Quite High' for the criteria of system 'conciseness' (Question A3), 'consistency' (Question A5), 'validity' (Question A7), and 'reliability' (Question A9). The key requirements for the CES POC system were to have an easily understandable system that was reliable, 8 Note that the detailed rationale for the ranking was also gathered in the survey. We do not include this in the paper as it is not considered to be of general interest or necessary for understanding the paper.
Type 1: Purposes served by the CES POC system.
valid and concise. The system was also regarded by the respondents as highly 'consistent' in its operation, which concurs with the ease of system understanding. Clearly, the system was driven by certain key requirements which had to be met.
Type 2:
Deficiencies of the CES POC system upon completion. Figure 1 shows that the systemspecific requirement 'customisability' (Question A12) was moderately met by the system. The system was regarded as 'Slightly Low' in 'maintainability' (Question A6), i.e., documentation support for future maintenance activities (corrective, adaptive or perfective), and 'Quite Low' in 'user-friendliness' (Question A8) due to the lack of on-line help.
The system was evaluated as 'Extremely Low' in satisfying the system-specific requirements 'security' (Question A4) and 'structuredness' (Question A10), and the environment-specific requirements 'portability' (Question A13), 'integrability' (Question A14), and 'survivability' (Question A15). There were no significant system security features when it was implemented and the system was not modular. Also, the system platform, FoxPro on MS-DOS, rendered it unportable onto UNIX. In addition, because the system was completely stand- alone, its 'integrability' with other tools in the environment was low. Also, the system was not 'robust' enough to survive changes in the environment, which was evident from the fact that it failed to fit in the new environment which had resulted from continuous evolution during the course of the development of the system. The new requirements (R2.1 to R2.9 in the set R2) that emerged for the re-implementation are shown in Table 1 .
CES-POC System Assessment
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The Impact of Environmental Evolution
Having analysed in Section 3 the CES POC system at the time of system completion, in this section we first study the evolution of the development environment during the course of initial system implementation (Sept.'92 to Sept.'94), and then during the reimplementation (Sept.'94 to March'96). This is essential because, as will be demonstrated in Section 4.4, the changes in the development environment have a profound effect on the requirements of the systems housed in that environment. Therefore, the requirements for the CES POC system changed not only due to the new requirement set R2 (denoting deficiencies in the original implementation), but also due to new requirements that were introduced as a result of the environmental evolution (the set R3 representing the period Sept.'92 to Sept.'94, and the set R4 representing the period Sept.'94 to March'96).
Environmental Evolution from Sept.'92 to March'96
The analysis method for determining the environmental changes was similar to the one adopted for determining the system deficiencies (Section 3.1). The criteria which were used to assess the environmental evolution can be categorized into three clusters 9 :
questions pertaining to environment goals, questions pertaining to the predictors of environmental change, and other miscellaneous questions. The questions were derived from the interviews with other research team members and from the literature [7] [13] [18] . All these 9 The idea of clustering criteria in an instrument is borrowed from [12] .
questions were included in a 17-question 10 Instrument to Assess Environmental Evolution [21b] . Majority of the questions included in this questionnaire contain the keywords "realization of the goal". This is because goals are widely recognized as important precursors to product requirements. Recently, Anton and Potts [1] , with the aid of the goal-based method (GBRAM), have studied the use of goals to surface requirements for the redesign of existing or legacy systems.
Analysis Results: Sept.'92 to Sept.'94
The analysis results of the data gathered during this survey are shown in Figure 2 . Clearly, in Sept.'92, there was a very low realization (almost negligible!) of the environment goals (Questions B1-9), predictors of environment change (Questions B10-12), and other environment related issues (Questions B13-17).
Interestingly, this low realization of the predictors of environmental change explains why the environmental changes had such a devastating effect on the CES POC system, since the environmental changes were totally unexpected. The original developer of the CES POC system also believed that it would be possible to enhance the system in some way and blend it with the other tools, although strategies were not clear at that time.
That the environment had a weak impact on the development activities (in Sept.'92) is evident from the fact that there was a low realization of the existence of a common vision (Question B13) for the entire research team. Only the research team leader (hereafter, RTL), who was also the proposer of the concept of process cycle environment [10] , had begun to realize how the environment could drive the development activities of the entire group.
At the time of system completion in Sept.'94, the environment had changed dramatically with an increased realization (generally, 'Slightly Low') of all the criteria mentioned in the questionnaire (see Figure 2) . Now, the highest awareness was of the fact that there were flaws in the existing environment that could cause it to evolve in the future (Question B11). Also, the respondents believed that there was a 'Slightly High' realization about integrating the CES POC system in the environment (Question B6).
In Sept.'94, there was a 'Medium' realization of: the goal of having an integrated tool-kit comprising of all the prototype systems being developed (Question B1); the goal of evolving the CES POC system in the environment (Question B7); the change of focus from 'software process concepts and methods' to 'software process concepts, methods, and tools' (Question B9); and, a likely serious impact of environmental changes on the prototype systems housed in the environment (Question B17).
The realization of the goal of data, control and platform integration varied from 'Slightly Low' to 'Quite Low' (Questions B2, B4 and B5 respectively). These were specifically the different types of tool integration [3] [13]. The Questions B12, B14, B15 and B16 dealt with more subtle issues relating to the 'analysis' of the software systems housed in the environment. The 'Slightly Low' realization of these environmental issues (in Sept.'94) clearly showed a growing awareness (since Sept.'92) of the impact of the environment on the software systems housed in it.
The lowest realization at this time (Sept.'94) was regarding the issues of control integration for all the prototype systems and also a distributed, client-server architecture (Questions B4 and B8). These were questions that required a good understanding and realization of data, user-interface and platform integration as a prerequisite. However, the realization for these prerequisites was itself poor, thus contributing to an 'extremely low' realization in responses to Questions B4 and B8.
In summary, there was a considerable shift in virtually all aspects of the environment by September 1994, compared to the environment in September 1992. Figure 2 shows that there was a marked change in the environment from Sept.'94 to March'96. It was observed that on average, realization of the various environmental characteristics increased by approximately 3 scale points, which is quite substantial on the 7-point semantic differential scale used. 
Analysis Results: Sept.'94 to March'96
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Figure 2: Environment Evolution Snapshots: Sept. 1992, Sept. 1994, and March 1996 (Scale: 1-Extremely low; 2-Quite low; 3-Slightly low; 4-Medium; 5-Slightly high; 6-Quite high; 7-Extremely high) certain environmental issues was only 'Moderate'. These were the issues pertaining to whether the researchers realized that the existing prototypes were 'throw-away' or 'evolutionary' prototypes (Question B12), awareness of the 'robustness' of the prototype systems to survive changes in the environment (Question B16), realization that environmental changes could seriously affect the prototype systems housed in it (Question B17) and the realization of flaws in the existing environment at that time which could cause it to evolve in the future (Question B11). Interestingly, all these questions had the same underlying reasoning to explain the response: the researchers believed that they are developing reasonably 'robust' systems which can survive changes in the environment in the near future, however, they could not claim with conviction that they had thoroughly understood the environmental changes in the present or in the future. Also, the realization in response to Question B11 fell from a high of 'Extremely High' (in Sept.'94) to 'Slightly Low' (in March'96). Again, it only reconfirmed the fact that all the researchers, to the best of their knowledge, could not foresee any major changes in the environment in the future and thus all their present development activities were driven by this observation.
Requirements Changes due to Environmental Evolution
From the above description, one can observe the steady increase (from Sept.'92 to March'96) of awareness in the entire research team of the environmental issues. Depicting the environmental changes as in Figure 2 makes it explicit how new requirements emerge due to an evolving environment. Specifically, we identify the new requirements, set R3, which emerged after the environment assessment in Sept.'94, and the set R4 that emerged after the assessment in March'96.
First, however, it should be noted that not all the growing awareness of the criteria listed in the questionnaire [21b] would necessarily result in new requirements. This is because the increased awareness of certain environmental characteristics is still not concrete enough to be moulded into formal requirements. This is the case with the assessment in Sept.'94 (see Figure 2) , which resulted in only three new requirements (set R3: R3.1 to R3.3). On the other hand, with the assessment in March'96, new requirements (set R4: R4.1 to R4.4) were generated due to maturation of the understanding of environmental changes.
With respect to the set R3 generated in Sept.'94, the realization of the goal of having an integrated tool-kit (Question B1) implied that no system in the environment should be stand-alone. This question (which is closely tied to Question B6 11 and, in part, to Questions B10, B13
and B14) led to the new requirement R3.2. The increased awareness of the goal of evolving the CES POC system in the environment (Question B7) led to the new requirement R3.3. In-fact, the growing awareness in response to Questions B11, B12, B16 and B17 (see Figure 2 ) also contributed to the decision that the system be re-implemented in a 'flexible' way.
Similarly, with respect to the set R4, four new requirements arose in March'96 and all these were specific to the details of establishing an integrated toolkit. For example, the realization of the goal pertaining to 'data integration' (Question B2) led to the new requirement R4.1. The realization of the goal of 'userinterface' integration (Question B3) led to the new requirement R4.4.
One should note, however, that the set R3 had a devastating impact on the CES POC system. Basically the system had to be re-implemented; whereas, the set R4 would induce evolutionary changes to the re-implemented system. Revisiting Lehman's laws, we see that the emergence of the sets R3 and R4 supports 12 the seventh law of software evolution --Declining Quality: "Unless rigorously adapted to take into account changes in the operational environment, the quality of an E-type system will appear to decline as it is evolved" [19] . To our REQUIREMENT SET: R4 [MARCH 1996] R4.1: The system should be 'data integrated' with the other prototype systems. R4.2: The system should be 'control integrated' (as appropriate) with the other prototype systems. R4.3: The system should run as a client in a distributed client-server architecture. R4.4: The system should be 'user-interface integrated' with the other prototype systems. 
Lessons Learnt and Conclusions
We now reflect on the case study and draw out the lessons learnt: 1) We know from literature [18] that the requirements for a system stem not only from system-specific deficiencies but also from changes in the environment, which are not always predictable. However, what we learnt was that these environmental changes may not necessarily translate into new system requirements unless the changes are 'mature' enough (Section 4.4).
2) The second lesson learnt was that it is possible to monitor environmental changes explicitly (using an instrument such as that in [21b] ) and repeatedly at different points in time, and link such changes to specific new requirements (Section 4).
These two lessons suggest a circumspective analysis of the kind of criteria identified in [21b], at various points in time and as a system grows. Lesson 1 adds to the baseline scientific knowledge in the requirements engineering field. In addition, knowing the details of requirements "germination" could help us in assessing system stability in a given changing environment. Lesson 2 helps in capturing new requirements (due to environmental changes) at an early stage so that early actions can be taken (if possible) to ensure system survivability. This particular lesson therefore adds to the baseline scientific knowledge on "adaptive maintenance". Also, the record of environmental changes, the time stamps of these changes, and their relationships to particular new requirements can form a documented rationale for the existence of these new requirements.
Besides the described two lessons, for the first time, this paper gives some empirical support for Lehman's seventh law of software evolution [19] , which deals with changes in the operational environment and its impact on the quality of an evolving system. This is an important step in the progress of the field of software evolution because it helps solidify a body of knowledge upon which practice can rest, training and education can be provided and new theories can be developed.
